The results of a comprehensive pile load-test program and observations from field monitoring of helical piles with either a single helix or double helixes installed in oil sand are presented in this paper. Eleven full-scale pile load tests were carried out including axial compression, uplift, and lateral load tests. The results of the full-scale load tests are used to develop a theoretical design model for helical piles installed in oil sand. Test results confirm that the helical pile is a viable deep foundation option for support of heavily loaded structures. The test results also demonstrated that circular-shaft helical piles can resist considerable lateral loads.
Introduction
A helical pile (or screw pile) consists of a central shaft that is made from round or square sections with one or more formed steel plates (helixes) welded to the shaft. A shaft diameter varies between 73 and 965 mm, while helix diameter varies between 152 and 1219 mm. A single helix or multiple helixes may be used depending on the soil conditions and the required pile capacities. Helical piles can be designed to resist a variety of axial loads ranging from 50 to 5000 kN. Moreover, helical piles can be used in groups to support larger axial loads and piles with inclinations up to 458 to resist large lateral loads.
Helical piles are used extensively in western Canada and the USA to support residential buildings, commercial buildings, and industrial facilities. The use of helical piles for foundations offer many advantages including their high compressive and uplift capacities (three to five times that of traditional driven steel piles with the same shaft diameter and length 1 ) rapid speed of their installation (10 m of helical pile can be typically installed in about 3 min), suitability for construction in very limited access conditions, ease of installation in frozen or swampy soil conditions, and cost effectiveness. Moreover, an unlimited pile length can be installed in the field to target the competent soil layer through the addition of extension segments. In addition, helical pile installation is a vibration-free process. Therefore, the installation of helical piles in urban areas is very favourable in terms of low level of noise and minimal vibration to nearby structures.
The axial capacity of helical piles may be estimated analytically using either the individual bearing or cylindrical shear methods. The individual bearing method (Meyerhof and Adams 1968; Vesic 1971; Canadian Geotechnical Society 2006) assumes that bearing failure occurs at each individual helix (Fig. 1a) . The total axial pile resistance in compression or tension is the sum of the capacities of the individual helixes plus shaft resistance.
The cylindrical shear method (Vesic 1971; Mitsch and Clemence 1985; Das 1990; Zhang 1999) assumes that a cylindrical shear failure surface, connecting the uppermost and lowermost helixes, is formed as shown in Fig. 1b . The axial capacity is derived mainly from the shear resistance along the cylindrical surface and bearing resistance above the top helix for uplift loading and from the bearing resistance below the bottom helix for compression loading. The adhesion developed along the steel shaft is considered in cases where sufficient installation depth (deep pile) is provided.
The development of individual bearing or cylindrical shear failure mechanisms depends mainly on the soil type and spacing ratio. Spacing ratio (S/D) is defined as the spacing, S, between any two adjacent helical plates divided by their average diameter, D. Hoyt and Clemence (1989) and Narasimha Rao et al. (1991) indicated that for helical piles with S/D > 1.5 installed in cohesionless soils, the individual plate bearing method agreed better with the results of pile loading tests.
Several numerical analyses have been carried out to investigate the axial behaviour of helical piles (or circular anchors), such as Tagaya et al. (1983 Tagaya et al. ( , 1988 , Sakai and Tanaka (1998) , Merifield et al. (2006) , and Livneh and El Nagger (2008) . Tagaya et al. (1983 Tagaya et al. ( , 1988 carried out two-dimensional finite element analysis assuming plane strain and axisymmetric conditions for rectangular and circular anchors and using the constitutive law of Lade and Duncan (1975) . Scale effects for shallow circular anchors in dense sand were estimated by Sakai and Tanaka (1998) using a constitutive model of nonassociated strain-hardening-softening elasto-plastic materials. Merifield et al. (2006) investigated the effect of the anchor shape on the uplift capacity of circular and rectangular anchors using a three-dimensional finite element formulation. They concluded that the circular shape of anchors provide higher uplift resistance compared with the square anchor. Livneh and El Nagger (2008) have investigated the load transfer mechanism of square-shaft, small-diameter, multihelical piles using a three-dimensional finite element. They concluded that the load transfer mechanism was through the cylindrical shear failure surface.
The rapid growth in Alberta motivated by the multi-billion dollar oil sand development projects in northern Alberta has necessitated construction of a variety of medium to heavily loaded structures supported on deep foundations. Due to the presence of oil sand at relatively shallow depths, piles supporting these structures are typically seated in oil sand. Helical piles used to date support residential camps, office buildings, pumps, machine foundations, pipe racks, oil tanks, and tie backs.
The main objective of the present study is to evaluate the axial and lateral performance of helical piles based on the results of full-scale loading tests. The specific objectives of the test program were to: (i) define appropriate failure criteria for helical piles installed in oil sand, (ii) evaluate their axial compressive and tensile capacities, (iii) correlate between installation torque and the capacity of piles, and (iv) investigate the performance of helical piles under lateral loads. To achieve these objectives, 11 full-scale load tests were carried out. The testing program included four axial compressive tests, five axial tensile (uplift) tests, and two lateral tests. Details of the testing program are described in the next sections.
Test pile configurations
Two pile configurations were considered for the study including single and double helix piles as illustrated in Fig. 2 . The test piles were manufactured by Almita Manufacturing Ltd. of Ponoka, Alberta. Each pile was composed of a central cylindrical shaft with a diameter of 177.8 mm, 5.8 m long, with single or double helixes of 406 mm diameter and 19.1 mm thick. Double helix piles were fabricated such that the spacing ratio (S/D) equaled 3 to reduce the interaction of the bearing resistances between helixes. The pitch for each helix was 150 mm and the helical shape of the bearing plates facilitated pile installation.
Site investigation
The test location was Cree Burn Lodge located north of Fort McMurray, Alberta, just west of Highway 63 at the Albian Sand Junction and east of the Athabasca River. The site had been cleared and was originally covered with thick forest and brush. The topography of the site is relatively flat and was graded in the summer of 2007.
The test program consisted of 11 full-scale load tests carried out in two phases at two different locations on the site. Phase 1 was carried out between 5 July 2007 and 9 July 2007 and included a total of six tests (two axial compression, two axial tension (uplift), and two lateral load tests). Phase 2 was carried out between 6 January 2008 and 12 Jan- uary 2008 and included five tests (two compression and three uplift tests). Table 1 summarizes the testing schedule, pile configuration, and installation results. Phase 1 was carried out in a location near the central part of the site while phase 2 was carried out in the northwest corner of the site (due to inaccessibility of the central part at the time of testing). Phase 1 and 2 test locations were about 100 m apart.
The soils at the site consisted of fine-to medium-grained, compact to dense, moist to wet sand extending to depths ranging from 1.1 to 2 m, underlain by dense to very dense oil sand. The sand was brown, medium-grained and contained traces of gravel. The standard penetration test (SPT) indicated N-indices for the sand layer ranging from 11 to 22 blows per 300 mm of penetration, indicating compact sand. A summary of SPT test results for both test locations are presented in Table 2 .
The oil sand was black, silty, fine-to medium-grained, and saturated, and contained traces of gravel. N-indices at selected depths in the oil sand ranged from 26 to over 100 blows per 300 mm of penetration, indicating a dense to very dense state. As indicated by Sharma and Joshi (1988) ; Alberta's oil sand deposits of the McMurray Formation are a Lower Cretaceous unit consisting of uncemented quartz sand with interbedded clay shale. The oil sand is typically composed of the following components (Scott and Kosar 1984) :
(i) fine-to medium-grained uniform quartz sand and (ii) pore fluids consisting of bitumen, water, and occasionally free gas. The sand grains are wet and the water forms a continuous phase throughout the oil and sand matrix. Bitumen occupies the remaining pore space. Dissolved gases are found within the liquid phases and some free gas is occasionally present depending on in situ temperatures and phases.
The groundwater level was relatively high and was measured at depths varying between 0.5 to 2 m below existing ground. Laboratory tests carried out on selected soil samples indicated that the total and dry unit weights, respectively, were about 22 and 19 kN/m 3 for the sand and 21.6 and 18 kN/m 3 for the oil sand. A summary of typical soil properties is presented in Table 3 . Results of triaxial compression tests on high quality cores in undisturbed oil sand samples (Sharma et al. 1986 ) indicated a peak frictional angle of 508 and residual friction angle of 388.
Pile installation and test setup

Pile installation
Helical piles are installed through the application of mechanical torque at the pile head. Torque applied at the pile head during pile installation was continuously recorded and penetration depth was measured. Final measured torque at the end of pile installation and total embedment depths are summarized in Table 1 . It can be seen from Table 1 that, in general, torque values for piles tested in phase 1 were about 35% higher than torque values recorded for piles tested in phase 2. This can be attributed to the variability of oil sand depth and strength as observed from the scatter in the N-indices (see Table 2 ) and as confirmed from torque chart records. Moreover, it can be noted from Table 1 that double helix piles required, in general, about 17% to 29% higher torque values compared with single helix piles. The torque required to install pile T4 with double helixes was about 95% of that required for T3 with a single helix, which indicates localized softer soil conditions at the location of test pile T4.
Axial load test setup
The Pile load test setup consisted of either two reaction piles (phase 1) or four reaction piles (phase 2) and a test pile. The reaction piles in phase 1 were positioned at a spacing of 6 m (about 7.5 helix diameters from the tested pile). For phase 2, the reaction piles were positioned in a rectangular shape at distances of 4 and 3 m, so that a clear distance between any reaction pile and the test pile was about 6 helix diameters (2.5 m). Figure 3 shows the pile layout for phases 1 and 2. Four reaction piles were used to allow for the loading of piles to their ultimate load (failure load). Upon completion of the test program, all test and reaction piles were removed by reverse rotation.
Schematic sectional drawings of the load test arrangements and oblique views for the axial compression pile load tests for phases 1 and 2 are presented in Fig. 4 , and for axial tension (uplift) load tests are presented in Fig. 5 . For phase 1, the 150 ton (1 ton = 0.907 t) capacity test beam was centered over the test pile and supported on two reaction piles. The arrangements for applying loads to the test piles involved the use of an 800 kN hydraulic jack acting against the reaction beam. The test beam and reaction piles were tied with steel plates of 25 mm nominal thickness using 32 mm diameter all-thread Grade 8 steel bars. In axial compression tests, an additional steel bearing plate was placed between the top of the jack ram and the bottom of the test beam. Conversely, for the axial tension tests, the hydraulic jack was installed above the test beam and acted against a reaction frame that compressed an inverted pile cap and steel bearing plates. For phase 2, the 250 ton capacity test beam was centered over the test pile and supported on two reaction beams. Each of the two reaction beams were supported on two reaction piles. Load was applied using a 2500 kN hydraulic jack acting against the reaction beam.
The jacking system was equipped with a manually operated hydraulic pump and the jack pressure gauge readings were recorded manually. A visually read load cell was placed at the top of the test beam (centered at the test pile location) and connected to the test pile using a plate and tie rods. Pile head axial movements were monitored at two points during the test using independently supported dial gauges (0.025 mm accuracy, 50 mm travel). Another two dial gauges were used to monitor lateral movements. The dial gauges were connected to an independent reference beam and the tested pile. Another set of dial gauges (one dial gauge for each reaction pile) were installed to monitor the reaction pile movement at each load increment. An independent reference beam for pile movements was provided at each reaction pile location. The reference beam was supported at a minimum distance of 2.50 m from the test pile or reaction pile centers. Dial gauge readings were recorded manually at selected increments throughout the test duration.
Axial load, ASTM D3689 (ASTM 1997b). Loads were applied in increments of 10% of the estimated pile capacity in 10 min time intervals. In the first test series, loading was stopped at 800 kN due to the limitation of the hydraulic jack. However in the second testing series, loads were continued until continuous jacking was required to maintain the load (i.e., plunging failure -a failure where continuous pumping was required to maintain the load at the pile head).
Lateral load test setup
The lateral pile load test was conducted in general accordance with the Standard test method for piles under lateral load, ASTM D3966 (ASTM 1997c). A schematic sectional drawing of the lateral load test setup and an oblique view of the testing arrangements is shown in Fig. 6 . The lateral load test setup consisted of a test pile that was installed at about 3 m away from a reaction pile. The reaction pile is typically a helical pile with a shaft diameter of 324 mm with double helixes 610 mm in diameter and was installed to a depth of about 5.2 m below ground surface. Loads were applied at a distance of about 300 mm above ground level using an 800 kN hydraulic jack. The hydraulic ram acted directly against a steel strut placed between the base of a hydraulic cylinder and the reaction pile.
The load testing system consisted of an 800 kN hydraulic jack and a hydraulic pump and pressure gauge with 69 MPa capacity. Lateral movements were monitored at two points along the pile free length (at distances of 50 and 300 mm above ground surface) to measure lateral deflections and rotation at the point of load application. The lateral deflections were measured using two independently supported micrometer dial gauges with 0.025 mm subdivisions and 50 mm travel. Lateral loads were applied in 2 kN increments in 10 min time intervals.
Test results
Axial compressive load test results
The results of axial compressive load tests are presented in Fig. 7 in the form of load-displacement curves for phases 1 and 2. As indicated previously, the load tests in phase 1 (Fig. 7a) were terminated at axial loads of 800 kN due to equipment limitations. It can be seen from Fig. 7a that cycles were carried out at load of about 450 kN (for pile C1) and 180 kN (for pile C2) indicating that cyclic loading had a minor effect on the response. It can be seen from Fig. 7b that the load-displacement curves for tested piles include three different regions: a linear region with a steep slope (i.e., high stiffness), a transient nonlinear region with a gradually decreasing slope, and a final nearly linear region with a flat slope (i.e., low stiffness). Both piles C3 and C4 with single and double helixes showed almost identical behavior at the early stages of loading up to loads of about 800 kN with corresponding displacements varying between 9 and 14 mm. However at higher settlement levels, pile C4 showed a stiffer response compared with pile C3. This response suggests that for pile C4 with double helixes, both helixes acted individually. The behaviour of pile C4 with double helixes and tested in cohesionless soil is in general agreement with the findings of Hoyt and Clemence (1989) . Moreover, pile C3 showed plunging failure at a displacement of about 50 mm while pile C4 continued to resist loads up to the end of the test at a settlement of 40 mm.
Comparing piles C1 and C3 (see Figs. 7a and 7b) indicates that piles tested in phase 1 offered slightly stiffer response compared with piles tested in phase 2. This can be explained by the fact that oil sand for phase 1 of tests was present at a relatively shallow depth (depth of about 1.1 m) compared with 2 m for phase 2 (see Table 2 for soil properties).
It should be noted that the tested piles were recovered upon completing the tests by applying a reverse torque at pile heads and were visually inspected. There was no visible damage to the helixes, but pile shafts were polished as a result of significant friction during installation, testing, and removing the piles. Terzaghi (1942) defined the axial compressive capacity of piles, Q uc , as the load corresponding to a displacement equal to 10% of the pile diameter. This definition ensures that there is enough displacement to mobilize the end bearing component of the pile capacity. O'Neill and Reese (1999) defined the axial compressive capacity of cast-in-place concrete piles as the load that produces a movement at the pile head equal to 5% of the toe diameter. Livneh and El Nagger (2008) defined the ultimate compressive capacity of helical piles as the load associated with deflection equal to 8% of the diameter of the largest helix plus the elastic settlement of the pile. Similarly, the axial compressive capacity of helical piles can be defined as the load corresponding to a displacement level of 10% of the average helix diameter. This definition is suitable for helical piles as helix bearing capacity is a considerable component of the pile capacities. However, it should be noted that in many cases foundation design is controlled by the settlement tolerance, which is quite often less than 25 mm. Furthermore, the helix diameters may vary between 150 and 1219 mm. Hence, it may be more suitable to follow the O'Neill and Reese definition and to limit the maximum displacements by defining the axial capacities of helical piles based on the load applied at the pile head at a displacement level of 5% of average helix diameter.
Axial compressive capacity
The capacities for piles C3 and C4 are presented in Table 4 . It can be seen from Table 4 that the capacities for piles C3 and C4 based on a 5% displacement criterion were 940 and 1000 kN, respectively, while the capacities based on a 10% failure criterion were 1250 and 1580 kN, respectively. As suggested in the Canadian foundation engineering manual (Canadian Geotechnical Society 2006) , the capacity of helical piles may be estimated from the following expression:
where R is the ultimate pile capacity, Q h is the individual helix bearing capacity, and Q f is the shaft resistance. The individual helix bearing capacity can be estimated from the following expression:
where A h is the projected helix area, S u is the undrained shear strength of the soil, g is the unit weight of the soil, D h is the depth to the helical bearing plate, D is the diameter of the helical plate, and N c , N q , and N g are bearing capacity factors for local shear conditions. As indicated in the Canadian foundation engineering manual (Canadian Geotechnical Society 2006), the shaft resistance, Q f , can be estimated from the following expression:
where d is the shaft diameter, DL i is the pile segment length in soil layer i, and q si is the average unit shaft friction of soil layer i The unit shaft friction for the top compact sand layer can be estimated using q si ¼ s 0 v K s tanðdÞ, where s 0 v is the effective vertical stress at the mid-depth of each soil layer, K s is the coefficient of lateral earth pressure (K s = 2(1 -sin4) for driven piles), and 4 and d are the frictional resistance and the interface friction angles, respectively. Clementino et al. (2006) reported the results of full-scale pile load tests for cast-in place-concrete piles constructed in oil sand. Their test results indicated that the measured unit shaft friction for different piles varied between 250 and 410 kPa depending on the bitumen content. The lower unit shaft friction value corresponds to the lean oil sand (i.e., oil sand with bitumen content less than 6%) and the higher bound corresponds to rich oil sand (i.e., oil sand with bitumen content higher than 8%). These values are considerably higher than the unit shaft friction for very dense sands. The increased unit shaft friction for piles constructed in oil sand is due to the presence of bitumen within the voids. The estimated unit shaft friction for steel helical piles installed in lean oil sand considered in this study was 150 kPa assuming that the unit shaft friction for the oil sand-steel interface is 60% of the value for its oil sand-concrete interface.
The capacities of piles C3 and C4 are estimated using eqs.
[1] through [3] and the results are presented in Table 4 as well. The estimated capacities were in reasonable agreement with the capacities based on a 10% failure criterion.
Axial tension (uplift) results
The results of axial tension (uplift) load tests presented in the form of load-displacement curves are plotted in Figs. 8a and 8b for phases 1 and 2. Similar to compression pile load test results, the initial parts of the load-displacement curves were linear up to a displacement level of about 3 mm, corresponding loads of about 440 kN (see Fig. 8a ) and 320 kN (see Fig. 8b ), followed by a nonlinear part. However at high displacement levels (i.e., greater than 10% of helix diameter as shown in Fig. 8b ), both piles T3 and T4 with single and double helixes exhibited an asymptote (plateau). The asymptote for the piles gives the maximum resistance of the pile as described by Kulhawy and Hirany (1989) . The stiffness of piles, which is defined as the slope of the load-displacement curve, was similar for piles T3 and T4 at the early stages of loading up to a displacement of about 3 mm. However at a higher displacement, pile T4 showed a stiffer response compared with pile T3, manifested as higher stiffness at the same displacement levels. Cycles were carried out at a load of about 450 kN for piles T1 and T2, indicating that the effect of cyclic loading had a minor effect on their response.
When comparing phases 1 and 2, piles T1 and T2 tested in phase 1 showed stiffer response compared with piles T3 and T4 tested in phase 2 due to the additional shaft frictional resistance gained from oil sand encountered at shallow depth for the test location in phase 1. Comparing between load-displacement curves for piles T3 and T4 with single and double helixes suggests that an additional uplift resistance of up to about 50% was gained for pile T4. This observation suggests that the individual helixes method is more suitable for estimating the uplift capacities of piles considered in the present study.
Effect of embedment depth into oil sand
To investigate the effect of embedment depth into the oil sand on the uplift behaviour of piles, an additional uplift load test (pile T5) was carried out at a location where the depth to the oil sand layer was about 3 m. The results are presented in Fig. 9 , showing that the embedment depth into the oil sand has a major effect on the shaft resistance. The initial part of the load-displacement curve that presents the shaft friction was the steepest for the case of pile T2 (where depth to oil sand is 1.1 m) followed by pile T4 (depth to oil sand is 2 m) followed by pile T5 (depth to oil sand of 3 m). Therefore, the greater the pile embedment depth into the oil sand layer, the more shaft frictional resistance. The shaft resistance component for piles T2, T4, and T5 with a depth to oil sand of 1.1, 2, and 3 m was about 400, 320, and 250 kN, respectively. Moreover, for pile T4 the second part of the load-displacement, which represents the end bearing resistance, showed stiffer response compared with pile T5 due to the embedment depth into the oil sand and its role in increasing the end bearing pressure at the upper helix.
Uplift capacity
The uplift capacities of tested piles are also defined based on 10% and 5% failure criteria and the results are presented in Table 4 . The capacities for piles T3 and T4 with single and double helixes based on 10% displacement criterion were 620 and 960 kN, respectively. The ultimate capacities of piles T3 and T4 at a displacement level of 5% were 560 and 820 kN, respectively. Comparing between the two failure criteria indicates that about 10% to 17% higher uplift capacities were obtained as a result of using a 10% failure criterion as opposed to a 5% failure criterion. Hence, defining the uplift capacity using a 5% failure criterion will provide a reasonable estimate of ultimate bearing capacity while maintaining reasonable displacement levels to satisfy serviceability requirements.
Similar to compressive loading, uplift capacity may be estimated using eq. [1] where the individual helix uplift capacity, Q h , can estimated using eq. [4] (Das 1990 ) listed below.
where F q is the breakout factor (Das 1990 ) defined as the ratio between the uplift bearing pressure and the effective vertical stress at the upper helix level. The following expression can be used to estimate the breakout factor (Das and Seeley 1975) :
where ðD th =D uh Þ ðD th =D uh Þ cr where m is the coefficient dependent on soil friction angle, D th is the embedment depth to the top helix; D uh is the diameter of the upper helix, K U is the nominal uplift coefficient, f is the average frictional resistance angle for the soils above the upper helix, and (D th /D uh ) cr is the critical embedment ratio. The breakout factor, F q , depends on several parameters, such as the embedment depth ratio (D th /D uh ), weight of soil above the top helix, shape of helix, and angles of internal friction for the soils above the upper helix. Merifield et al. (2006) concluded that the circular shape of the helixes provides higher resistance by about 20% compared with the square shape. It can be seen from eq. [5] that the F q increase with embedment ratio until the critical embedment ratio, after which the F q is independent of embedment depth. The estimated critical embedment ratio, (D th /D uh ) cr , for the oil sand and compact sand layers above the upper helix considered in the present study was 6 and the corresponding critical embedment depth was 2.4 m. The estimated F q values for the oil sand and compact sand layers were 40 and 20, respectively. The results of the estimated uplift capacities are also summarized in Table 4 . The uplift capacities were estimated using eq. [1] and using soil parameters from Table 3 . It should be noted that the 388 residual frictional resistance angle of oil sand was used. For pile T5 the frictional resistance angle was reduced to 368 to account for the proximity of the uppermost helix to the upper layer of compact sand. It can be seen from Table 4 that a reasonable agreement was obtained between measured and estimated uplift capacities.
Comparison between compressive and uplift load test results
The results of both compressive and uplift load tests for phase 2 are compared in Fig. 10 . It can be seen from this figure that the load-displacement relationship was almost identical for all tests at the early stages of loadings up to a displacement of about 3 mm (about 0.75% of the helix diameter), which represented the pile shaft resistance. Therefore, the shaft friction for both compression and uplift loading was similar. However, at higher displacement levels, piles tested in compression offered higher resistance compared with piles tested in tension. Comparing between axial capacities of piles tested in compression and tension (Table 4) indicates that the compressive capacities of piles C3 and C4 were 40% to 50% higher than the uplift capacities of piles T3 and T4. The lower end-bearing resistance of helical piles tested in tension is due to the smaller projected area of the top helix compared with the total area of the bottom helix for piles tested in compression. In addition, soil conditions near the top and bottom helixes were different due to soil stratification and soil variability. Trofimenkov and Mariupolskii (1965) conducted a series of field compression and tension tests using screw piles with various soil types. About 200 piles were installed in soft to hard clays as well as loose to medium-dense sands with pile helix diameter D ranging from 0.45 to 1.0 m to a depth up to 7 m. 
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The test results indicated that the compression capacity was 1.4 to 1.5 times higher than the uplift capacity. These results were in general agreement with helical piles tested in oil sand in the present study.
Another comparison between piles tested in compression and tension can be made using the stiffness at the pile head, defined as the slope of the load-settlement curves. In general, the pile stiffness in compression load tests was larger than those of piles tested in tension. The rate of reduction of stiffness at high displacement levels for piles tested in compression was higher than those piles tested in tension.
Installation torque -pile capacity relationship
Despite the lack of geotechnical explanation, empirical methods have been established for a relation between torque and ultimate pile capacity. It has been statistically analyzed based on a large database, and the method has been used successfully in the construction of thousands of anchors over the past 20 years as indicated by Hoyt et al. (1995) . The empirical relationship can be expressed as (Hoyt and Clemence 1989; Canadian Geotechnical Society 2006) 
where K t is an empirical factor and T is the average installation torque. The torque-load correlation factor, K t , for compression and uplift loading found in this study are presented in Table 4. It can be seen from Table 4 that the ratios of torque to compressive capacity for piles with single and double helixes were 23.9 m -1 (7.3 ft -1 ) and 23.3 m -1 (7.1 ft -1 ), respectively. The values of K t for tension piles varied between 10.3 m -1 (3.1 ft -1 ) for piles with a single helix and 11.2 m -1 (3.4 ft -1 ) and 12.2 m -1 (3.7 ft -1 ) for piles with double helixes. Although these values are in agreement with the findings reported in the literature (Hoyt and Clemence 1989; Canadian Geotechnical Society 2006) , it should be noted that torque-load correlations reported in the literature are established for small diameter anchors resisting uplift loads. Therefore, those correlations should be used with caution to estimate the uplift capacities of large diameter helical piles due to the size effect and shape of the shaft (i.e., square or round shaft). However, torque-load correlations cannot be used to estimate the axial compressive capacities of helical piles due to the differences in the compression and uplift failure mechanisms and variability of soils near the top and bottom helixes. Moreover, the torque exerted during pile installation is dependent on several factors, such as the operator experience, vertical forces exerted on the pile during installation, helix shape, pitch size, and frequency of calibrating the equipment. In addition, for the case of helical piles installed to resist compression loads, torque reported during installation cannot predict the strength of the soil layer immediately below the lower helix that will considerably impact the compressive strength of helical piles. For the above-mentioned reasons, it is the author's opinion that torque-load correlations may be used as quality assurance, but not for design purposes.
Lateral load test results
The horizontal deflection near the pile head y o , (at about 300 mm above ground) versus the applied load at the pile head for pile L1 with a single helix and pile L2 with double helixes are plotted in Fig. 11 . It can be seen from Fig. 11 that the lateral responses of both piles were nonlinear. Piles L1 and L2 were loaded to maximum loads of about 43 and 42 kN, respectively, which corresponded to maximum deflections of about 35 and 38 mm. When piles rebounded to zero load, the net or permanent displacement was about 7 mm and 5 mm for piles L1 and L2, respectively. A comparison between the responses of piles L1 and L2 indicates that pile L1 with a single helix showed slightly higher resistance compared with pile L2 with double helixes. This observation suggests that the lateral resistance of helical piles is independent of the helix configuration and is governed mainly by the shaft diameter. Therefore, the role of helixes in providing additional lateral resistance is minor given that the helixes are relatively deep (i.e., considered as long piles). Slight variations in the lateral resistance of piles L1 and L2 may be due to disturbance of the soil during helical pile installation. Similar observations were reported by Puri et al. (1984) during their small-model testing using screw anchors.
Gaps were formed behind the piles during testing, indicative of plastic deformation of the soil in front of the pile. Upon examination of each of the piles after the test, no significant bending deformation of the shafts or other visible pile damage were noted, as would be indicative of pile structural failure or the development of a plastic hinge during the test. Figure 11b show that the rotation at the ground surface, q o , for pile L1 was less than that of pile L2 at all loading stages. Rotation for both piles increased with the increase in lateral load, which is consistent for a free head pile condition.
Lateral capacity of tested piles
The ultimate lateral load of piles is usually specified to satisfy a limiting lateral deflection criterion. This may result in specifying an ''ultimate'' lateral load that is much lower than the ultimate lateral capacity of the pile. For the helical piles with relatively short lengths considered in the present study, failure usually occurs by rotation of the pile within the soil. In this case, a large displacement is required to mobilize the passive resistance of the soil near the pile head and at the pile toe. Therefore, in the absence of a distinct failure criterion, and as the design of laterally loaded piles is generally governed by the lateral deflection of the superstructure, the ultimate lateral load is defined as the load that corresponds to a lateral deflection of 6.25 mm as suggested by Prakash and Sharma (1990) . It should be also noted that a lateral deflection in the order of 12.5 mm is often considered for the design of foundation supporting structures that are less sensitive to lateral movements, such as power transmission lines.
The ultimate lateral load capacity, Q l , is established based on the above criteria and the values for all piles are presented in Table 5 . Table 5 shows that the lateral resistance of pile L1 with a single helix was similar to that of pile L2 with double helixes at a low deflection level of about 6.25 mm. However at a relatively higher deflection levels (i.e., deflection level of 12.5 mm), pile L2 showed a slightly lower resistance than pile L1.
Comparison between measured and estimated lateral resistance of helical piles
The computer program LPILE Plus (Ensoft Inc. 2005) , based on the p-y curves developed by Reese et al. (1974) , is widely used to predict the response of laterally loaded piles. Soil parameters used in the analyses are provided in Table 3 . It has been assumed that soil layers consisted of compact sand extending from the ground surface to a depth of 1.1 m below ground over very dense oil sand extending to the bottom of the piles. Analyses were carried out for both piles L1 and L2 with a free head condition. The results of the loaddeflection relationship and rotation versus load at the pile head were compared with measured values (see Fig. 11 ). It can be seen from Fig. 11 that both measured and estimated values agreed reasonably. Figure 11 also suggests that interaction between the shaft and soil is the most significant when resisting the lateral loads and the soil between the helixes played a minor role in the lateral resistance.
Conclusions
A full-scale pile load testing program was carried out using single-and double-helix piles to investigate their performance under axial compressive, uplift, and lateral loading conditions. The findings of this study can be summarized in the following conclusions: (1) Helical piles with a relatively small shaft and helix sizes were successfully installed into oil sand soil and resisted high compression and tension loads. (2) The load-displacement curves of piles tested in compression displayed typical trends including an initial linear segment followed by a highly nonlinear segment and a near-linear segment. Helical piles with double helixes provided about 40% higher resistance compared with piles with a single helix. Therefore, the use of an additional helix, which adds only a minimal cost, is a very cost-effective method for increasing the capacity of helical piles. (3) A comparison between load-settlement curves for single-and double-helix piles with a spacing ratio, S/D, of 3 suggested that the developed load failure mechanism was through the individual helixes. Therefore, the use of the individual helix method is more suitable for estimating the axial capacities of helical piles (with S/ D = 3) embedded into oil sand. (4) The load-displacement curves for piles subjected to uplift loads indicate that a typical trend consisted of an initial linear segment followed by a nonlinear segment followed by an asymptote (plateau). (5) A failure criterion was proposed to estimate the ultimate uplift capacities of helical piles at a displacement level of 5% of the average helix diameter. (6) A comparison between the compression and uplift load tests suggested that similar magnitude shaft resistance was developed for both compression and uplift load tests. However, the end bearing component of uplift capacity of the helical piles was controlled by the soils above the top helix. (7) A correlation between torque and axial capacity of piles may exist. However, it should be recognized that the torque factors for both axial compression and uplift load conditions are different due to the differences in both failure mechanisms and variation in soil stratifications at the upper and lower helixes. Moreover, fullscale static load tests are considered the most accurate method for estimating helical pile capacities. Therefore, it is recommended to carry out a full-scale static load test for relatively large projects to validate the axial capacities of the design piles and to evaluate the torque factors that can be used to correlate between torque and pile capacity of the production piles. Then the torque-pile capacity relationship may be used throughout the project site for quality assurance purposes. (8) The results of lateral load tests carried out in this study confirmed that helical piles can develop significant resistance to lateral loads. (9) The lateral load versus deflection behaviour of a helical pile is controlled mostly by the size of the shaft (i.e., diameter and thickness). The helixes had a minor effect on the lateral behavior of helical piles. (10) The use of multiple helixes may slightly reduce the lateral resistance of piles due to additional soil disturbance. However, further investigation is required to confirm this hypothesis. (11) The lateral load resistance may be estimated analytically using a p-y curves approach. A comparison between measured and estimated lateral resistance of helical piles using the LPILE Plus 5 program indicated that a reasonable agreement was obtained.
